The bacterial flagellar export switching machinery consists of a ruler protein, FliK, and an export switch protein, FlhB and switches substrate specificity of the flagellar type III export apparatus upon completion of hook assembly. An interaction between the Cterminal domain of FliK (FliK C ) and the C-terminal cytoplasmic domain of FlhB (FlhB C ) is postulated to be responsible for this switch. FliK C has a compactly folded domain termed FliK T3S4 (residues 268-352) and an intrinsically disordered region composed of the last 53 residues, FliK CT (residues 353-405). Residues 301-350 of FliK T3S4 and the last five residues of FliK CT are critical for the switching function of FliK. FliK CT is postulated to regulate the interaction of FliK T3S4 with FlhB C , but it remains unknown how. Here we report the role of FliK CT in the export switching mechanism. Systematic deletion analyses of FliK CT revealed that residues of 351-370 are responsible for efficient switching of substrate specificity of the export apparatus. Suppressor mutant analyses showed that FliK CT coordinates FliK T3S4 action with the switching. Site-directed photo-cross-linking experiments showed that Val-302 and Ile-304 in the hydrophobic core of FliK T3S4 bind to FlhB C . We propose that FliK CT may induce conformational rearrangements of FliK T3S4 to bind to FlhB C .
Introduction
The bacterial flagellar hook is a tubular structure composed of the hook protein, FlgE, and acts as a universal joint to smoothly transmit torque produced by the basal body as a rotary motor to the filament as a helical propeller (Berg, 2003; Macnab, 2003; . FlgE molecules are translocated across the cytoplasmic membrane via a type III export apparatus, diffuses down the central channel of the flagellar rod and growing hook structure and assembles at its distal end with the help of the hook cap made of FlgD (Ohnishi et al., 1994; Moriya et al., 2011; Renault et al., 2017) .
The flagellar type III export apparatus is composed of a transmembrane export gate complex fueled by proton motive force across the cytoplasmic membrane and a cytoplasmic ATPase ring complex Paul et al., 2008; Minamino et al., 2014) , and acts as a proton/protein antiporter to couple the proton influx through the gate with protein export Morimoto et al., 2016) . The export gate complex is composed of five highly conserved transmembrane proteins, FlhA, FlhB, FliP, FliQ and FliR. In addition to these proteins, another transmembrane protein, FliO, is required for efficient assembly of the gate complex in Salmonella enterica (from here referred to as Salmonella) (Barker et al., 2010; Morimoto et al., 2014) . The cytoplasmic ATPase complex is required for efficient flagellar protein export, although not essential Paul et al., 2008; Erhardt et al., 2014) . Except for FliO, these proteins are evolutionarily related to components of type III secretion systems of pathogenic bacteria, which triggers a wide range of infectious diseases (Gal an et al., 2014) .
A remarkable feature of flagellar type III protein export is that the export apparatus coordinates flagellar protein export with assembly, and there are a substantial number of checkpoints to ensure the correct order of export during flagellar assembly. Hook assembly completion and initiation of filament assembly is the most important morphological checkpoint of the sequential flagellar assembly process (Minamino and Pugsley, 2005; Ferris and Minamino, 2006; Minamino, 2014) . The flagellar export switching machinery, which consists of at least two flagellar proteins, a molecular ruler FliK and an export switch FlhB, switches export specificity of the flagellar type III export apparatus upon completion of hook assembly. As a result, the hook length of the Salmonella flagellum is relatively well regulated at around 55 nm (Hirano et al., 1994; Kutsukake et al., 1994; Williams et al., 1996) . During hook assembly, the export apparatus transports flagellar proteins needed for the structure and assembly of the hook (FlgD, FlgE and FliK) (hook-type substrates). Upon completion of hook assembly, the export apparatus turns off the export of the hook-type proteins and turns on the export of proteins required for filament formation (FlgK, FlgL, FlgM, FliC and FliD) (filament-type substrates). If this switching is prevented by mutations in fliK or flhB, unusually elongated hooks called polyhooks are produced (Minamino and Pugsley, 2005; Ferris and Minamino, 2006; Minamino, 2014) .
FlhB is a transmembrane protein composed of four transmembrane helices and a relatively large C-terminal cytoplasmic domain termed FlhB C . FlhB C is postulated to act as an export switch to mediate the switching of substrate specificity of the flagellar type III export apparatus. FlhB C has a highly conserved NPTH sequence for residues 269-272, which lies on a flexible loop located between the FlhB CN and FlhB CC polypeptides (Minamino and Macnab, 2000a) . Autocatalytic cleavage occurs between Asn-269 and Pro-270 by a mechanism involving cyclization of Asn-269 (Ferris et al., 2005) . The FlhB(N269A) mutation, which suppresses the autocleavage event of FlhB C , inhibits the substrate specificity switching, conferring the polyhook phenotype (Fraser et al., 2003) . The C-terminal domain of FliK (FliK C ) facilitates the switching action of the cleaved FlhB C upon completion of the hook structure (Hirano et al., 2005; Minamino et al., 2006; Uchida et al., 2016) . However, it remains known how it does.
Salmonella FliK is a 405 amino-acid residue protein consisting of two domains, FliK N and FliK C (Fig. 1A ) Kodera et al., 2015) . FliK is secreted as a hook-type substrate via the flagellar type III export apparatus during hook assembly , and determines the hook length of ca. 55 nm (Shibata et al., 2007; Erhardt et al., 2010 Erhardt et al., , 2011 Uchida et al., 2013; Uchida and Aizawa, 2014) . A pause of FliK secretion through the interactions of unstructured FliK N with the hook cap and the inner surface of the hook presumably allows FliK C to be positioned in the vicinity of FlhB C to catalyze the substrate specificity switch (Fig. 1B) (Moriya et al., 2006; Minamino et al., 2009; Erhardt et al., 2011) . FliK C has a compactly folded core domain consisting of residues 268-352 and an intrinsically disordered region composed of residues 353-405 (FliK CT ) Mizuno et al., 2011) . The core domain, which forms an a/b sandwich structure consisting two a-helices and four b-strands ( Fig. 1C and D) (Mizuno et al., 2011) , is conserved among FliK/YscP family and hence is termed the T3S4 (Type III Secretion Substrate Specificity Switch) domain (Agrain et al., 2005) . Residues 301-350 of the T3S4 domain (FliK T3S4 ) and the last five residues of FliK CT are critical for the switching function of FliK. The S319Y mutation, which lies in loop L4 between strand b3 and helix a2 (Fig. 1C) , reduces the switching function of FliK, conferring the polyhook-filament phenotype. Intragenic suppressor mutations in FliK T3S4 and extragenic suppressor mutations in FlhB CC considerably improve the efficiency of substrate specificity switching in the presence of the FliK(S319Y) mutation, suggesting possible FliK T3S4 -FlhB CC interaction . A highly conserved flexible L2 loop between the b1 and b2 strands is required for efficient switching function of FliK T3S4 Uchida et al., 2016) . Since the substrate specificity switching of the export apparatus occurs only in the presence of the hook, it has been proposed that the conformational flexibility of FliK CT may regulate FliK T3S4 action during hook assembly . However, it remains unknown how.
In the present study, we constructed and characterized sequential in-frame deletion mutant variants of FliK to clarify the role of FliK CT in the substrate specificity switching and also carried out genetic analyses of FliK CT by isolating suppressor mutants. We provide genetic evidence that unfolded FliK CT coordinates FliK T3S4 action with the substrate specificity switching.
Results
Effect of in-frame deletions in FliK CT on the substrate specificity switch
Residues 301-350 of FliK T3S4 and the last five residues of FliK CT are required for switching of substrate specificity of the flagellar type III export apparatus. It has been shown that deletions of residues 351-360, 361-370, 371-380, 381-390 and 391-400 do not inhibit the substrate specificity switching, although the switching function of FliK T3S4 is reduced by these in-frame deletions . To clarify the role of intrinsically disordered FliK CT in the switching mechanism, we constructed four larger deletion variants, such as FliK(D351-400), FliK(D361-400), FliK(D371-400) and FliK(D381-400) (Supporting Information Fig. S1A ), and analyzed their motility in soft agar (Figs 2A and S1B) . Since the secretion of FliK during hook assembly is required for efficient substrate specificity switching , we analyzed the effect of these deletions on FliK export. Immunoblotting with polyclonal anti-FliK antibody revealed that much higher amounts of these FliK deletion variants were detected in the culture supernatants (Fig.  2B , first row, lanes 9-12) than the wild-type level (lane 8). In agreement with this, their cellular levels (lanes 3-6) were much lower than the wild-type level (lane 2). These results indicate that these deletions do not impair the export of FliK at all. Wild-type FliK fully restored motility of a fliK null mutant (DfliK). FliK(D361-370), FliK(D381-390) and FliK(D391-400) restored the motility of the DfliK mutant to a considerable degree, and FliK(D351-360) and FliK(D371-380) did less so (Supporting Information Fig. S1B ), in agreement with a previous report . The motility of the fliK(D381-400) mutant was much weaker than those of the fliK(D381-390) and fliK(D391-400) mutants and slightly lower than those of the fliK(D351-360) and fliK(D371-380) mutants after prolonged incubation at 308C (Supporting Information Fig.  S1B ). Interestingly, the motility of the fliK(D371-400) mutant was much less than that of the fliK(D381-400) mutant. However, neither FliK(D351-400) nor FliK(D361-400) complemented the DfliK mutant at all even after prolonged incubation at 308C ( Fig. 2A and Supporting Information Fig. S1 ).
We next analyzed the cellular and secretion levels of FlgE and FliC, which are used as examples of the hooktype and filament-type export substrates, respectively, by immunoblotting with polyclonal anti-FlgE and antiFliC antibodies, respectively. The cellular FlgE levels of the fliK(D351-400), fliK(D361-400), fliK(D371-400) and B. Infrequent ruler model. FliK is occasionally secreted during hook assembly. FliK N adopts an unfolded and stretched conformation within the central channel to measure the hook length through its temporal associations with the hook cap and the inner surface of the hook, allowing FliK C to be positioned and oriented near FlhB C to catalyze the substrate specificity switch. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane. C. NMR structure of a core domain of FliK C termed FliK T3S4 (PDB ID: 2RRL). The Ca backbone is color-coded from green to orange, going through the rainbow colors from N-to C-terminus. The S319Y mutation, which reduces the switching probability of FliK T3S4 , thereby conferring the polyhook-filament phenotype, and its intragenic suppressor mutations (P296L, M317I and P320S/Q) are shown. D. Amino acid sequence of FliK T3S4 . The secondary structures are shown below the sequence.
fliK(D381-400) mutants (Fig. 2B , second row, lanes 3-6) were essentially the same as that of the DfliK mutant (lane 1) and much higher than the wild-type level (lane 2). The secretion levels of FlgE by these deletion mutants (Fig. 2B , second row, lanes 9-12) were also almost the same as that of the DfliK mutant (lane 7) and much higher than the wild-type level (lane 8). FliC was detected in both whole cellular (Fig. 2B , third row, lanes 5 and 6) and culture supernatant (lanes 11 and 12) fractions from the fliK(D371-400) and fliK(D381-400) mutants but the cellular and secretion levels of FliC were much lower than the wild-type levels (lanes 2 and Fig. 2 8). However, no FliC was seen in either fraction of the fliK(D351-400) or fliK(D361-400) mutant (Fig. 2B , third row, lanes3, 4, 9 and 10). In agreement with this, a small population of the fliK(D371-400) and fliK(D381-400) mutant cells produced both polyhooks and a few polyhook-filament structures ( Fig. 2C and D) while the other two deletions produced only polyhooks (data not shown). The anti-sigma factor FlgM, which belongs to the filament-type export substrate class, inhibits the transcription of fliC during hook assembly. Upon hook completion, the flagellar type III export apparatus switches its substrate specificity from hook-type to filament-type substrates, thereby allowing FlgM to be secreted out into the culture media. As a result, FliC is expressed and assembles into the filaments (Hughes et al., 1993; Kutsukake, 1994) . Therefore, we conclude that FliK(D371-400) and FliK(D381-400) retain the ability to catalyze the switch to some degree whereas neither FliK(D351-400) nor FliK(D361-400) does.
Isolation of pseudorevertants from the fliK(D371-400) and fliK(D381-400) mutants
To further understand the switching function of FliK CT , pseudorevertants were isolated from the fliK(D371-400) and fliK(D381-400) mutants by streaking a single colony out on soft tryptone agar plates, incubating at 308C for 2 days and looking for motility halos. Six motile colonies were purified from each deletion mutant. The motility of these pseudorevertants was much better than those of their parent strains although not as good as that of the wild-type strain (Fig. 3A) . Immunoblotting with polyclonal anti-FliC antibody revealed that the cellular and secretion levels of FliC were higher in these pseudorevertants than those in their parent cells (Fig. 3B , third row). This indicates that the substrate specificity switching efficiency is improved by the suppressor mutations. We then quantitatively analyzed the number of filaments produced by these pseudorevertants (Supporting Information Fig. S2A ). The average number of filaments produced by wild-type cells was about 7 (n 5 23 cells). More than 90% of the fliK(D371-400) and fliK(D381-400) cells had no filaments while the remaining population had one or two filaments. In contrast, more than 95% of the pseudorevertant cells produced the polyhook-filament structures (Supporting Information Fig. S2A and B), of which average number ranged from 2 to 6. Consistently, much larger amounts of FlgE were seen in both whole cellular and culture supernatant fractions prepared from the pseudorevertants than in those of wild-type cells (Fig. 3B , second row). These results suggest that the suppressor mutations allow FliK(D371-400) and FliK(D381-400) to switch export specificity of the flagellar type III export apparatus.
DNA sequence analysis of the pseudorevertants isolated from the fliK(D371-400) mutant revealed that four of the six suppressor mutations were in FliK T3S4 [P296T (isolated three times) and P296S], whereas the others were frameshift mutations in FlhB CC (W353f-s and R354f-s), resulting in truncations of the C-terminal flexible region of FlhB CC (Fig. 3C ). DNA sequence analysis of the pseudorevertants isolated from the fliK(D381-400) mutant revealed that three of the six suppressor mutations were in FliK T3S4 [P296T (isolated twice) and S342R], whereas the others were in FlhB CC [Q331R and R352P (isolated twice)] (Fig. 3C ). These results suggest that deletions of residues 371-400 and residues 381-400 reduce the switching activity of FliK T3S4 and that the suppressor mutations increase the efficiency of substrate specificity switching.
Role of the last five residues of FliK CT in the substrate specificity switch
It has been shown that the last five residues of FliK CT , Val-401, Asp-402, Ile-403, Phe-404 and Ala-405, are critical for FliK function . To understand the role of these residues in the substrate specificity switching mechanism, we replaced these residues by an amber codon and analyzed motility in soft agar (Supporting Information Fig. S3A ). These amber mutations affected neither protein stability nor secretion of FliK at all (Supporting Information Fig. S3B , first row). The fliK(I403amber) and fliK(F404amber) mutants displayed very weakly motile phenotype after a prolonged incubation at 308C whereas the other amber mutants showed no motility (Supporting Information Fig. S3A , right panel). In agreement with this, a small amount of FliC was detected in both whole cellular and culture supernatant fractions of the fliK(I403amber) and fliK(-F404amber) but not in those of the others (Supporting Information Fig. S3B , third row), indicating that Fli-K(I403amber) and FliK(F404amber) retain the ability to switch the substrate specificity to some degree. Much higher amounts of FlgE were detected in both whole cellular and culture supernatant fractions of these five amber mutants (Supporting Information Fig. S3B , 2nd row), indicating that they produced the polyhooks. Therefore, we suggest that the last five residues of FliK CT may play a regulatory role in the substrate specificity switching.
Isolation of pseudorevertants from the fliK(D401-405) mutant
To clarify how the last five residues of FliK CT regulate the switching activity of FliK T3S4 , we isolated nine pseudorevertants from the fliK(D401-405) mutant. The motility of these pseudorevertants was much better than that of the parent strain although not as good as that of the wild-type strain (Fig. 4A ). Immunoblotting with polyclonal anti-FliC antibody revealed that the cellular and secretion levels of FliC were considerably recovered in -400) , flhB(R352P), indicated as D381-400 flhB(R352P)] in soft agar. Plates were incubated at 308C for 8.5 (upper panels) and 18 (lower panels) h. B. Secretion assays of FliK, FlgE and FliC. Immunoblotting using polyclonal anti-FliK (first row), anti-FlgE (second row) and anti-FliC (third row) antibodies, of whole cell proteins (Cell) and culture supernatants (Sup) prepared from the above strains. The positions of FliK, FlgE and FliC are indicated by arrows. Molecular mass markers (kDa) are shown to the left. C. Location of the intragenic suppressor mutations in the NMR structure of FliK (PDB ID: 2RRL) and extragenic suppressor mutations in the crystal structure of FlhB C (PDB ID: 3B0Z). FlhB C is composed of two polypeptides, FlhB CN and FlhB CC , after it undergoes an autocleavage event between Asn-269 and Pro-270 that is essential for the substrate specificity switch to occur. The Ca backbone is color-coded from blue to red, going through the rainbow colors from N-to C-terminus. Additional amino acid residues generated by frameshifts are indicated by 1 aa (Table S1 ).
these pseudorevertants compared to the fliK(D401-405) mutant (Fig. 4B, third row) . This indicates that the suppressor mutations enhance the probability of substrate specificity switching to occur. We then quantitatively analyzed the number of flagellar filaments produced by these pseudorevertants (Figs 4C and S4) . The fliK(D401-405) cells produced the polyhooks without the filaments attached (Fig. 4C and D, left panels) . In contrast, more than 90% of the pseudorevertant cells produced the polyhook-filament structures with the average number ranged from about 2 to 4 although they still produced the polyhooks without the filaments (Figs 4C and D, right panels, and S4). Consistently, much larger amounts of FlgE were seen in the culture supernatants of the pseudorevertants (Fig. 4B , second row, lanes 11-14) than the wild-type level (lane 9). These results suggest that the suppressor mutations improve the modeof-action of substrate specificity switching.
DNA sequence analysis revealed that all suppressor mutations are located in FliK CT ( Fig. 4E and Table S1 ). Two suppressor mutations were missense ones: A379P and D381E. Interestingly, the dimeric forms of FliK(D401-405 1 A379P) and FliK(D401-405 1 D381E) were seen in both whole cellular (Fig. 4B , first row, lanes 4 and 5) and culture supernatant fractions (lanes 11 and 12), indicating that they were considerably tolerant to SDS treatment. This suggests that these two point mutations affect the structure of FliK(D401-405). The rests of suppressor mutations were either insertion or deletion at various positions, thereby changing the amino acid sequence of FliK CT or adding extra amino acids derived from the pTrc99A vector (Table S1) . One of them, a large deletion including codons 372-400 of the fliK(D401-405) allele on the pTrc99A vector produced FliK(1-371) with extra 82 residues attached [FliK(1-371 1 82 aa)]. In agreement with this, FliK(1-371 1 82 aa) showed much slower mobility on SDS-PAGE (Fig. 4B , first row, lanes 7 and 14) than wild-type FliK (lanes 2 and 9). These results led us to propose that the last five residues may coordinate a conformational change of FliK T3S4 with the switch of substrate specificity of the flagellar type III export apparatus.
Effect of second-site FliK mutations on motility
To test whether each second-site FliK mutation by itself affects the switching function of FliK, we introduced these second-site mutations into wild-type FliK by sitedirected mutagenesis and analyzed their motility. The motility of the fliK(P296T) mutant was almost the same as that of wild-type cells (Supporting Information  Fig. S5 ), in agreement with a previous report (Uchida et al., 2016) . The S342R, A379P and D381E mutations did not affect motility at all, either (Supporting Information Fig. S5 ). These results indicate that these secondsite FliK mutations display no phenotype. Therefore, we conclude that these mutations by themselves do not directly affect the switching activity of FliK T3S4 at all.
Photo-cross-linking between FliK T3S4 and FlhB C To investigate whether FliK T3S4 directly binds to FlhB CC , we carried out targeted photo-cross-linking experiments. Since Val-302, Ile-304 and Leu-335, which are relatively well conserved among FliK homologues, are critical for FliK function , we introduced an amber mutation at position 302, 304 or 335 of FliK T3S4 to introduce a photoreactive phenylalanine, p-benzoylphenylalanine (pBPA), at these amber codons (Fig. 5A) . To confirm our finding described above that the last five residues of FliK CT are not directly involved in the interaction with FlhB CC (Fig. 4) , we also tested whether FliK(F404amber) and FliK(A405amber) form a photocross-linked product with FlhB CC in the presence of pBPA. These amber mutations caused loss-of function phenotype in the absence of pBPA (Supporting Information Fig. S3A ). In contrast, these five amber mutants restored motility in the presence of pBPA (Fig. 5B) although not at the wild-type level. This indicates that FliK(V302pBPA), FliK(I304pBPA), FliK(L335pBPA), FliK(F404pBPA) and FliK(A405pBPA) are partially functional and hence that they retain the ability to catalyze the substrate specificity switch. We introduced two plasmids into E. coli BL21(DE3) strain, one encoding FliK with an amber mutation and FlhB C , and the other encoding the amber suppressor tyrosyl tRNA and the engineered tyrosyl-tRNA synthetase to incorporate pBPA at the positions of amber codons. We used wildtype FliK as a negative control. UV irradiation of pBPA at positions of 302 and 304 reproducibly produced a about 53 kDa photo-cross-linked product (Fig. 5C, lanes  4 and 6) . No photo-cross-linked products were seen when only FliK(V302pBPA) or FliK(I304pBPA) was expressed (Fig. 5D, lanes 4 and 6) . Because the molecular masses of FliK and FlhB CC are about 42 and 11.5 kDa, respectively, the molecular mass of a FliKFlhB CC heterodimer is ca. 53 kDa, which is almost the same as that of the cross-linked products detected on immunoblots. Therefore, we suggest that Val-302 and Ile-304 of FliK T3S4 are in relatively close proximity of FlhB CC . In contrast, no photo-cross-linked products were seen in FliK(L335pBPA), FliK(F404pBPA) and FliK(A405pBPA) when co-expressed with FlhB C (lanes 8, 10 and 12), suggesting that Leu-335, Phe-404 and Ala-405 are not in close proximity of FlhB CC .
Role of unfolded C-terminal region of Salmonella FliK 579
To investigate whether a P296T intragenic suppressor mutation allows FliK(D371-400) to bind to FlhB CC to some extent, we introduced an amber mutation at position 304 of FliK(D371-400) and FliK(D371-400 1 P296T) and then carried out photo-cross-linking experiments. FliK(D371-400 1 P296T 1 I304pBPA) was reproducibly photo-cross-linked with FlhB CC to produce a about 50 kDa cross-linked product, whereas FliK(D371-400 1 I304pBPA) was not (Fig. 5E ). This suggests that the deletion of residues 371-400 reduces the binding affinity of FliK T3S4 for FlhB CC and that the P296T suppressor mutation increases the efficiency of substrate specificity switching by improving the interaction between FliK T3S4 and FlhB CC .
Photo-cross-linking of FliK N with FlgD and FlgE
FliKD99 lacking residues 2-99 is not secreted at all but retains the ability to flip the switch of substrate specificity of the flagellar type III export apparatus when overexpressed (Hirano et al., 2005) . This indicates that FliK T3S4 catalyzes the substrate specificity switch. When the hook has reached its mature length of about 55 nm, a pause of FliK secretion through temporary associations of FliK N with the FlgD cap and the inner surface of the hook is postulated to allow FliK T3S4 to be in very close proximity of FlhB C , thereby efficiently switching the substrate specificity (Moriya et al., 2006; Minamino et al., 2009; Erhardt et al., 2011) . Pseudomonas PscP is a member of YscP/FliK family and controls the needle length. It has been reported that PscP adopts a chainand-ball architecture with a long intrinsically disordered N-terminal polypeptide chain (PscP N ) followed by a globular C-terminal domain (PscP C ) in a way similar to the entire architecture of FliK and that the N-terminal end of PscP N binds to the C-terminal cytoplasmic domain of PscU, which is a FlhB homologue (Bergeron et al., 2016) . These observations have led to a proposal that the N-terminal end of PscP N could be anchored on the cytoplasmic side of the type III secretion apparatus whereas PscP C is located on the extracellular end of the growing needle structure (Bergeron et al., 2016) . This means that the orientation of PscP during needle assembly is opposite to that of FliK during hook assembly. To clarify the confliction of these two distinct models, we carried out targeted photo-cross-linking experiments of FliK with FlgD and FlgE. We introduced an amber mutation at position 4 or 7 of FliK N and found that these two amber mutants restored motility of a fliK null mutant in the presence of pBPA (Fig. 6A) . So FliK(L4pBPA) and FliK(L7pBPA) are functional. When FliK(L4pBPA) and FliK(L7pBPA) were co-expressed with FlgD, UV irradiation of pBPA generated two distinct FliK-FlgD photo- A. Location of highly conserved Val-302, Ile-304 and Leu-335 residues on the NMR structure of FliK T3S4 (PDB ID: 2RRL). B. Complementation test of FliK amber mutants in the presence of pBPA. Motility of a DfliK mutant harboring both a pTrc99A-based plasmid and pEVOL. Plates were incubated at 308C for 7 h in the presence of 1mM pBPA. WT, wild-type; V302amber, FliK(V302amber); I304amber, FliK(I304amber); L335amber, FliK(L335amber); F404amber, FliK(F404amber); A405amber, FliK(A405amber). C,D. Photo-cross-linking between FliK T3S4 and FlhB C . E. coli BL21(DE3) cells co-expressing FliK (indicated as WT), FliK(V302pBPA), FliK(I304pBPA), FliK(L335pBPA), FliK(F404pBPA) or FliK(A405pBPA) with (C) or without (D) FhB C were UV-irradiated for 5 min (1) or not irradiated (-), and then analyzed by immunoblotting with polyclonal anti-FliK antibody. The positions of free FliK and FliK-FlhB CC photo-cross-linked products are shown by arrows. Molecular mass markers are shown to the left. Wild-type FliK (WT) was used as a negative control. E. Effect of a deletion of residues 371-400 and its P296T suppressor mutation on photo-cross-linking between FliK T3S4 and FlhB C . E. coli BL21(DE3) cells co-expressing FliK(D371-400 1 I304pBPA) or (D371-400 1 P296T 1 I304pBPA) with FlhB C were UV-irradiated and then analyzed by immunoblotting with polyclonal anti-FliK antibody.
cross-linked products with estimated molecular masses of about 68 and 76 kDa on immunoblots (Fig. 6B, lanes  4 and 6) . These results were confirmed by immunoblotting with polyclonal anti-FlgD antibody (data not shown). Consistently, no photo-cross-linked products were seen when only FliK(L4pBPA) or FliK(L7pBPA) was expressed (Fig. 6E) . Because the molecular mass of FlgD is about 24 kDa, these two cross-linked products seems to be the FliK-FlgD heterodimer. Therefore, we suppose that FliK N binds to at least two distinct binding sites of FlgD, thereby producing two distinct photo-cross-linked bands on SDS gels. When FliK(L4pBPA) and FliK(L7pBPA) were co-expressed with FlgE, FliK(L4pBPA) and FliK(L7pBPA) were reproducibly cross-linked with FlgE to produce a FliK-FlgE cross-linked product with an estimated molecular mass of about 90 kDa (Fig. 6C, lanes  4 and 6) . Since the molecular mass of FlgE is about 42 kDa, the molecular mass of this cross-linked product is reasonable. No FliK-FlhB C photo-cross-linked products were seen when co-expressed with FlhB C (Fig. 6D , lanes 4 and 6). These results indicate that Leu-4 and Leu-7 of FliK N are in relatively close proximity of FlgD and FlgE but not of FlhB C . Since the interaction between FliK and the hook structure is critical for efficient substrate specificity switching of the flagellar type III export apparatus (Minamino et al., 2009) , we assume that the interactions of the extreme N-terminal portion of FliK N with FlgD and FlgE may reflect the in vivo reaction to determine the hook length upon completion of hook assembly. However, since FlgD, FlgE and FliK bind to FlhB C and generate head-to-tail linkages between these proteins (Evans et al., 2013) , there is another possibility that the interactions of FliK with FlgD and FlgE may reflect the head-to-tail hetero-dimer formation during protein transport.
Discussion
FliK and FlhB induce the switching of substrate specificity of the flagellar type III export apparatus upon completion of the hook structure (Hirano et al., 2005; Minamino et al., 2006) . FliK consists of FliK N and FliK C . FliK N measures the hook length while FliK C catalyzes the switch when the hook has grown to an appropriate length Hirano et al., 2005; Moriya et al., 2006; Shibata et al., 2007; Kodera et al., 2015) . High-resolution structural analysis of FliK C by nuclear magnetic resonance (NMR) spectroscopy has shown that FliK C has a compactly folded core domain consisting of residues 268-352 (FliK T3S4 ) and an intrinsically disordered region composed of residues 353-405 (FliK CT ) (Mizuno et al., 2011) . In agreement with this, a short C-terminal stretch of FliK from residues pETDuet-1/FliK(D371-400 1 I304amber) 1 FlhB C This study pMMK534 pETDuet-1/FliK(D371-400 1 P296T 1 I304amber) This study pMMK535 pETDuet-1/FliK(D371-400 1 P296T 1 I304amber) 1 FlhB C This study 371 to 405 (FliK CT ) has a relatively unstable conformation as judged by the sensitivity to limited proteolysis by trypsin . Residues 301-350 of FliK T3S4 and the last five residues of FliK CT are important for the switching function of FliK . Since the substrate specificity switching occurs only in the presence of the hook structure, intrinsically disordered FliK CT is postulated to suppress the switching function of FliK during hook assembly . In a set of present experiments to clarify the regulatory role of intrinsically disordered FliK CT in the switching mechanism, we showed that the switching activity of FliK was reduced by shortening the distance between FliK T3S4 and the last five residues (Fig. 2 and Supporting Information Fig. S1 ). Suppressor analyses of the fliK(D371-400) and fliK(D381-400) mutants identified intragenic suppressor mutations in FliK T3S4 and extragenic suppressor mutations in FlhB CC (Fig. 3) , indicating that these two deletions considerably reduces the switching activity of FliK T3S4 while the suppressor mutations improve this activity to a remarkable degree. This suggests that FliK CT controls the switching activity of FliK T3S4 and that residues 351-370 of FliK CT may contribute to efficient switching of export specificity of the flagellar type III export apparatus. FliK T3S4 is an a/b sandwich domain consisting of four b-strands (b1, b2, b3 and b4) and two a-helices (a1, a2) (Fig. 1C) (Mizuno et al., 2011) . Three parallel strands (b1, b3 and b4) and one anti-parallel strand (b2) form a hydrophobic core with helices a1 and a2 (Supporting Information Fig. S6A ). It has been shown that residues 301-350 are essential for the switching activity of FliK T3S4 whereas residues 250-300 are dispensable, raising the possibility that the b2-b3-a2-b4 structure could be responsible for the interaction of FliK T3S4 with FlhB CC . Highly conserved Val-302, Ile-304 and Leu-335 in FliK T3S4 are essential for FliK function . Val-302 and Ile-304 are in the b2 strand whereas Leu-335 is in the a2 helix. The side chains of these three hydrophobic residues contribute to hydrophobic interaction networks in FliK T3S4 (Fig. 5A and Supporting Information Fig. S6A ). In this study, photo-cross-linking experiments revealed that Val-302 and Ile-304 are in very close proximity to FlhB CC (Fig. 5C, lanes 4 and 6) , indicating that these two residues are exposed on the molecular surface of FliK T3S4 upon binding to FlhB CC . This suggests that a large conformational change of FliK T3S4 is required for the interaction of its hydrophobic core with FlhB CC . High-speed atomic force microscopy (HS-AFM) has shown that FliK consists of two compactly folded domains connected by a flexible linker. The larger domain corresponds to FliK N while the smaller domain corresponds to FliK C (Fig. 1A) . Interestingly, FliK C decreases its volume as the distance between FliK N and FliK C increases whereas the volume of FliK N does not change at all. This suggests that the N-terminal portion of the FliK T3S4 domain is less stable and tends to become unstructured (Kodera et al., 2015) . Since helix a1 and strand b1 are not directly involved in the substrate specificity switch , we propose that conformational rearrangements of the Nterminal potion of FliK T3S4 may allow Val-302 and Ile-304 to be exposed to the solvent, thereby promoting the interaction between the hydrophobic core domain of FliK T3S4 and FlhB CC .
The S319Y mutation, which is located on the L4 loop between strand b3 and helix a2 (Fig. 1C) , reduces the switching activity of FliK T3S4 , resulting in the polyhookfilament phenotype. The P296L, M317I and P320S/Q suppressor mutations considerably improve the switching function of FliK(S319Y), resulting in nearly normal average lengths and length distribution of the hook . The P320S/Q suppressor mutations are on the same L4 loop as the S319Y mutation. The P296L and M317I suppressor mutations are located on the L2 loop between strands b1 and b2 and strand b3, respectively (Fig. 1C) . Interestingly, Met-317 makes a hydrophobic contact with the a1 helix (Supporting Information Fig. S6A ), suggesting that the M317I mutation presumably affects the interaction of the b3 strand with the a1 helix. These observations led us to assume that conformational changes of the L2 and L4 loops may alter the hydrophobic interaction networks in FliK T3S4 , thereby inducing proper conformational rearrangements of FliK T3S4 to bind to FlhB CC . This is supported by a previous report that the L292R, L292R/L294R and L292R/ R293L/L294R mutations, which are located on the L2 loop, inhibit the substrate specificity switch (Uchida et al., 2016) . In the present study, we found that the P296T/S and S342R suppressor mutations increase the switching activity of FliK(D371-400) and FliK(D381-400) (Fig. 3) . The S342R suppressor mutation is located on the L5 loop between helix a2 and strand b4 (Fig. 3C) . Since photo-cross-linking experiments revealed that the P296T mutation allows FliK(D371-400) to bind to FlhB C to some extent (Fig. 5E, lane 4) , the P296T mutation appears to induce structural remodeling of FliK(D371-400) for the interaction with FlhB CC . Therefore, we propose that the binding of intrinsically disordered FliK CT to FliK T3S4 affects hydrophobic interactions of the a1 helix with the hydrophobic core of FliK T3S4 , thereby inducing the release of helix a1 and strand b1 from the hydrophobic core through conformational changes of the L2, L4 and L5 loops (Supporting Information Fig. S6A ).
The last five residues of FliK CT are essential for the switching function of FliK. Both genetic analyses of the fliK(D401-405) mutant and photo-cross-linking (Mizuno et al., 2011) . Interestingly, HS-AFM has shown that FliK C adopts a compactly folded conformation without denatured FliK CT , indicating that FliK CT becomes structured on a mica surface (Kodera et al., 2015) . Therefore, there is the possibility that the last five residues of FliK CT could induce an efficient disorder-toorder transition of FliK CT to couple conformational rearrangements of FliK T3S4 with the substrate specificity switching. FlhB C , which consists of residues 211-383, acts as an export switch to change substrate specificity of the type III export apparatus from hook-type to filament-type substrates. FlhB C undergoes autocleavage between Asn-269 and Pro-270, which is critical for the substrate specificity switch to occur (Minamino and Macnab, 2000a; Fraser et al., 2003; Ferris et al., 2005) . The crystal structure of FlhB C contains two polypeptides: FlhB CN consisting of a long a helix (a1) and a b strand (b1); and FlhB CC composed of three a helices (a2, a3 and a4) and three b strands (b2, b3 and b4) (Supporting Information Fig. S6B ) (Meshcheryakov et al., 2013) . These four a helices surround a four-stranded b sheet, forming a globular domain. Residues 354-383 (FlhB CCT ) are invisible in the electron density map, indicating that they are highly flexible. It has been reported that truncations of FlhB CCT allow the export apparatus to switch its substrate specificity to a significant degree even in the absence of FliK, indicating that FlhB CCT is not directly involved in the substrate specificity switch Williams et al., 1996) . Here, we found that truncations of FlhB CCT caused by frame-shifts at codons of 353 and 354 increase the switching probability (Fig.  3) , suggesting that truncations of FlhB CCT by these frame-shifts enhance the probability of autonomous switching presumably by increasing the conformational flexibility of FlhB CC . Therefore, we propose that FlhB CCT may regulate the switching function of FlhB CC during hook assembly.
It has been shown that the C-terminal domain of YscP (YscP C ), which is a FliK homologue of the Yersinia type III secretion system, directly binds to the C-terminal domain of YscU (YscU C ), which is a FlhB homologue. Ala-355 of YscU C , which corresponds to Ala-343 of FlhB CC , is critical for the binding to YscP C , and Leu-280 of YscU C , which corresponds to Ala-286 of FlhB CC , contributes to this binding (Ho et al., 2017) . Ala-343 is located in helix a4, and Ala-286 is located in a loop between the b2 and b3 strands. These two residues are structurally close to each other (Supporting Information  Fig. S6B ). In this study, we found that the Q331R and R352P mutations enhance the switching activity of FliK(D381-400). The Q311R mutation is located on the loop between the a3 and a4 helices and is in structurally close proximity of Ala-286. The R352P mutation is located at the beginning of the flexible FlhB CCT segment. These observations raise the possibility that these mutations may readjust the alignment of the interaction surface of FlhB CC relative to FliK T3S4 , thereby allowing FliK(D381-400) to more efficiently bind to FlhB C . However, it is also possible that these mutations increase the probability of autonomous switching in a way similar to the frame-shifts at positions of 353 and 354. To clarify these two possibilities, we are now carrying out structure-based mutational analyses of FlhB CC .
It has been reported that FlhB C has two substrate specificity states and that a conformational change mediated by the interaction between FlhB CN and FlhB CC is responsible for the substrate specificity switching (Minamino and Macnab, 2000a) . Interestingly, Ala-286, Pro-287, Ala-341 and Leu-344 of FlhB C form a hydrophobic pocket that is a binding-site for hook-type export substrates (Supporting Information Fig. S6B ) (Evans et al., 2013) . It has been shown that the loop between the b2 and b3 strands leads to distinct orientations of helix a1 relative to the globular domain and that the flexibility of this loop is critical for the FlhB function (Lountos et al., 2009; Meshcheryakov et al., 2013) . Since Val-302 and Ile-304 in the hydrophobic core of FliK T3S4 directly bind to FlhB CC (Fig. 5) , we propose that the binding of FliK T3S4 to the a4 helix of FlhB C may induce a conformational change of the loop between the b2 and b3 strands, resulting in a conformational rearrangement of FlhB C that is responsible for the substrate specificity switching.
It has been shown that two flagellar transmembrane proteins, FlhA and Flk, contribute to substrate specificity switching of the flagellar type III export apparatus (Kutsukake, 1997; Aldridge et al., 2006; Hirano et al., 2009; Barker et al., 2016) . It has also been shown that Flk interferes with premature switch presumably by preventing FliK T3S4 from binding to FlhB C (Minamino et al., 2009 ). The C-terminal cytoplasmic domain of FlhA (FlhA C ), which consists of four compactly folded domains, D1, D2, D3 and D4 (Moore and Jia, 2010; Saijo-Hamano et al., 2010) , provides the binding-sites for cytoplasmic components of the type III export apparatus, type III export chaperones and export substrates (Minamino and Macnab, 2000b; Minamino et al., 2003 Minamino et al., , 2010 Minamino et al., , 2012 Bange et al., 2010; Kinoshita et al., 2013) . Interestingly, the FlhA(F459A) mutation, which is located in domain D2 of FlhA C , reduces the secretion levels of filament-type substrates but not those of hook-type substrates (Kinoshita et al., 2013) . It has been reported that deletion of domain D4 of FlhA C allows filament-type substrates to be exported into the periplasm prior to hook completion . The FlgN/FlgK, FlgN/ FlgL, FliT/FliD and FliS/FliC chaperone/filament-type substrate complexes all bind to well-conserved Asp-456, Phe-459 and Thr-490 residues of FlhA C , promoting unfolding and translocation of the filament-type substrates into the lumen of the growing structure Kinoshita et al., 2013 Kinoshita et al., , 2016 Furukawa et al., 2016) . This raises the possibility that domain D4 of FlhA C suppresses the interactions of these conserved residues with the flagellar chaperone/ filament-type substrate complexes during hook assembly. Therefore, we provide a plausible hypothesis that the FliK T3S4 -FlhB C interaction may induce a conformational change of FlhA C , thereby initiating the export of filament-type substrates. We are currently testing this hypothesis.
Experimental procedures
Bacterial strains, plasmids, transductional crosses and media
Bacterial strains and plasmids used in this study are listed in Table 1 . P22-mediated transduction was carried out as described (Yamaguchi et al., 1984) . L-broth (LB) and soft tryptone agar plates were prepared as described (Minamino and Macnab, 1999, 2000b) . Ampicillin was added at a final concentration of 100 lg/ml.
DNA manipulations
DNA manipulations were carried out as described (SaijoHamano et al., 2004; Hara et al., 2011) . Site-directed mutagenesis was carried out using the QuickChange site-directed mutagenesis method (Stratagene). All of the fliK mutations were confirmed by DNA sequencing. DNA sequencing reactions were carried out using BigDye v3.1 (Applied Biosystems) and then the reaction mixtures were analyzed by a 3130 Genetic Analyzer (Applied Biosystems).
Motility assay
Fresh colonies were inoculated onto soft tryptone agar plates and incubated at 308C. At least seven independent measurements were carried out.
Secretion assay
Salmonella cells were grown at 308C with shaking until the cell density had reached an OD 600 of ca. 1.2-1.6. A total of 1.5 ml of each culture was transferred into a 1.5 ml Eppendorf tube and heated at 658C for 5 min to depolymerize flagellar filaments into flagellin (FliC) monomers. After centrifugation, cell pellets and culture supernatants were collected, separately. The cells were resuspended in SDSloading buffer normalized by the cell density. The proteins in the culture supernatants were precipitated by 10% trichloroacetic acid, suspended in a Tris-SDS-loading buffer and heated at 958C for 3 min. After sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), immunoblotting with polyclonal anti-FlgE, FliC or anti-FliK antibody was carried out as described previously . Detection was done with an ECL prime western blotting detection reagent (GE Healthcare). More than three independent secretion assays were performed.
Electron microscopy
Salmonella cells were grown overnight in 5 ml LB at 308C. 1.0 ml of each culture was transferred into a 1.5 ml Eppendorf tube. After centrifugation (2,000 3 g, 3 min), cells in the pellet were suspended in 1 ml H 2 O. After centrifugation, the cells were resuspended in 20 ll H 2 O. To observe polyhooks, osmotically shocked cells were prepared. A total of 5 ml of overnight culture was centrifuged at low speed for 3 min. The cell pellets were suspended in 500 ll of cold 50% sucrose solution. After incubation for 15 min on ice, 20 ml of H 2 O was added to the cell suspensions. The cell suspensions were stirred at room temperature and then Mg 21 was added at a final concentration of 1 mM. After stirring at room temperature for 15 min, the osmotically shocked cells were collected by high-speed centrifugation (18,500 3 g, 30 min). The cell pellets were resuspended in 200 ll of H 2 O. Samples were applied to carbon-coated copper grids and were negatively stained with 1.0% (wt/vol) phosphotungstic acid, pH 7.0. Micrographs were recorded at a magnification of 35,000 with a JEM-1200EXII transmission electron microscope (JEOL, Tokyo, Japan) operating at 80 kV.
Polyhooks and polyhook-filaments were isolated as described before (Hiraoka et al., 2017) . The polyhook-basal bodies and polyhook-filament-basal bodies were collected from a fraction of 20-50% sucrose density-gradient ultracentrifugation in 10 mM Tris-HCl, pH 8.0, 5 mM EDTA, 1% Triton3100. After ultracentrifugation at 60,000 g for 60 min, pellets were resuspended in 10 mM Tris-HCl, pH 8.0, 5 mM EDTA, 0.1% Triton3100. Samples were negatively stained with 2% phosphotungstic acid, pH 6.5. Electron micrographs were recorded with a JEM-1011 transmission electron microscope (JEOL) operated at 100 kV and equipped with a F415 CCD camera (TVIPS, Gauting, Germany) at a magnification of 35,500, which corresponds to 2.75 nm per pixel.
Photo-cross-linking
Photo-cross-linking experiments were performed as described before . E. coli BL21(DE3) cells harboring pEVOL (Young et al., 2010 ) and a pETDuetbased plasmid encoding both FliK with an amber mutation Role of unfolded C-terminal region of Salmonella FliK 585 and FlgD, FlgE or FlhB C were exponentially grown at 308C in LB containing 1 mM p-benzoyl-phenylalanine (pBPA), which is a photo-cross-linkable unnatural amino acid. Then, 100 lM IPTG and 0.02% arabinose were added and the incubation was continued until the culture density had reached an OD 600 of about 1.4-1.5. Equal numbers of cells from each culture were collected by centrifugation. After washing the cells with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 ÁH 2 O, 1.8 mM KH 2 PO 4 , pH 7.4), the cell pellets were resuspended in 400 ll of PBS, and then divided into two aliquots. One was transferred to 96-well micro titer plates, followed by UV irradiation at a wavelength of 365 nm using B-100AP (UV Products) for 5 min at 48C, whereas the other did not. The cell pellets were harvested by centrifugation, suspended in SDS-loading buffer, and heated at 958C for 3 min. After SDS-PAGE, immunoblotting with polyclonal anti-FliK antibody was carried out. More than three independent experiments were carried out.
